The contribution of endothelial-derived miR-17∼92 to ischemiainduced arteriogenesis has not been investigated in an in vivo model. In the present study, we demonstrate a critical role for the endothelial-derived miR-17∼92 cluster in shaping physiological and ischemiatriggered arteriogenesis. Endothelial-specific deletion of miR-17∼92 results in an increase in collateral density limbs and hearts and in ischemic limbs compared with control mice, and consequently improves blood flow recovery. Individual cluster components positively or negatively regulate endothelial cell (EC) functions in vitro, and, remarkably, ECs lacking the cluster spontaneously form cords in a manner rescued by miR-17a, -18a, and -19a. Using both in vitro and in vivo analyses, we identified FZD4 and LRP6 as targets of miR-19a/b. Both of these targets were up-regulated in 17∼92 KO ECs compared with control ECs, and both were shown to be targeted by miR-19 using luciferase assays. We demonstrate that miR-19a negatively regulates FZD4, its coreceptor LRP6, and WNT signaling, and that antagonism of miR-19a/b in aged mice improves blood flow recovery after ischemia and reduces repression of these targets. Collectively, these data provide insights into miRNA regulation of arterialization and highlight the importance of vascular WNT signaling in maintaining arterial blood flow.
M icroRNAs (miRNAs) are regulatory small noncoding RNAs with a key role in regulating multiple pathways involved in development and disease. These 20-25 nucleotides function via posttranscriptional repression of targeted gene expression containing complementary sites in the 3′ untranslated region (UTR), resulting in degradation of the targeted mRNA or inhibition of its translation (1) . Given the myriad of potential targets of miRNAs, identifying the dominant functions of specific miRNAs in the context of development, physiology, and disease is challenging and important for the realization of miRNA therapeutics.
The miRNA17∼92 cluster, a polycistronic miRNA that produces six individual miRNAs (miR-17, miR-18a, miR-19a, miR19b, miR-20a, and miR-92a), has been demonstrated to exhibit various biological functions regulating multiple cellular processes involved in proliferation, oncogenesis, differentiation, angiogenesis, and survival (2) (3) (4) (5) . The region encoding for this cluster, C13orf25, is amplified in multiple types of lymphomas, including diffuse large B-cell lymphoma, follicular lymphoma, and some solid tumors (6) . Its wide spectrum of validated targets implies effects on multiple signaling pathways, such as BMP, TGF, and PI3K signaling involved in development and disease (7) (8) (9) (10) (11) (12) . It is well known that individual miRNAs of this cluster can cooperate or work independently to efficiently modulate multiple signaling pathways, as has been demonstrated for miR-19, which drives the oncogenic ability of this cluster in the context of a MYC-driven B-cell lymphoma (9) .
Although comprehensive lists of potential targets of the miR-17∼92 cluster have been generated, examination of the role of this cluster and validation of targets in the context of vascular biology have been limited. Initial work demonstrated that vascular endothelial growth factor (VEGF) and shear stress can induce components of the cluster in endothelial cells (ECs) (3, 13) . The contribution of EC-derived miR-17∼92 to angiogenesis and ischemia-induced arteriogenesis has not yet been investigated in an in vivo model. Emerging evidence from studies using systemic injections of antagomir suggests that miR-92a controls functional recovery of damaged tissue in mouse models of myocardial infarction and hindlimb ischemia (HLI), implying that miR-92a targets multiple proangiogenic proteins, including integrin alpha-5 (14) , and coregulates KLF2 and KLF4, suggesting a role in atherogenesis (15) . Other components of the cluster, such as miR -17 , have been demonstrated to play an antiangiogenic role in ECs (16) , whereas in the context of Mycinduced Ras-transformed colonocyte cells, miR-18a and miR19a have been shown to target antiangiogenic proteins CTGF and Tsp1 (4) .
The WNT signaling pathway plays multiple roles in governing fundamental mechanisms of cell proliferation, cell polarity, and cell fate determination during embryonic development and tissue homeostasis (17) . The canonical WNT pathway transduces its activity via activation of the seven transmembrane Frizzled receptors (FZD) in complex with its coreceptor of the low-density lipoprotein receptor-related protein 5/6 class (LRP5/6). The formation of a WNT-FZD-LRP6 complex, together with the recruitment of Significance MicroRNAs can repress target genes to regulate cellular function in vivo. The miR-17∼92 cluster is critical for cell cycle control, survival signaling, and angiogenesis, but the individual components of the cluster and their endogenous roles in vivo are less well understood. Here we show that the loss of endothelial-derived miR-17∼92 increases basal cardiac and limb arteriogenesis and improves ischemia-induced changes in blood flow. One component of the cluster, miR-19, directly targets FZD4 and LRP6, thereby regulating WNT signaling in vitro and in vivo, and antagonism of miR-19 up-regulates WNT signaling and improves defective blood flow recovery.
scaffolding proteins, results in stabilization of cytosolic β-catenin, which accumulates and translocates to the nucleus to form complexes with TCF/LEF and activate WNT target gene expression (17) . Aberrant activation of components of this pathway in ECs may produce severe vascular phenotypes and result in embryonic lethality in some cases (18) (19) (20) (21) (22) (23) . Of relevance, FZD4 and LRP5, which has high homology to LRP6 and shares many biochemical properties (24) , have been linked to vascular disorders, including defective intraretinal and cerebellar vascular patterning and arterial network formation (21, 23, 25) .
In the present study, we used endothelial-specific miR-17∼92 loss-of-function mutant mice to directly assess the physiological and cellular contributions of this cluster to EC function during pathological states of arteriogenesis. Indeed, 17∼92 EC KO mice exhibit accelerated blood flow recovery and enhanced arterial vessel density after limb ischemia. Interestingly, 17∼92 EC KO mice have greater numbers of hindlimb and coronary arterial vessels in the absence of ischemia, implying that the endogenous cluster is critical for developmental arteriogenesis/collateral vessel genesis. Mechanistically, the loss of miR-17∼92 induces enhanced EC morphogenesis, an effect rescued by miR-17, miR18a, and miR-19a, and we show that miR-19a directly targets both FZD4 and LRP6. Treatment of aged mice with defective ischemic recovery with locked nucleic acid (LNA) miR-19 phenocopies the accelerated blood flow recovery observed in the miR-17∼92 EC-specific KO mice, and increases tissue levels of FZD4 and LRP6. Collectively, these data support the concept that the miR-17∼92 cluster, and in particular miR-19, physiologically represses arteriogenesis, in part by suppressing the WNT signaling pathway by targeting FZD4 and LRP6.
Results
Characterization of Endothelial-Specific miR-17∼92 KO Mice. To elucidate the role of endothelial-derived miR17∼92 in EC physiology, we crossed mice harboring a floxed miR-17∼92 allele with transgenic mice expressing Cre under the control of Tie2 or a tamoxifen-inducible CDH5 (VE-cadherin) promoter (5, 26, 27) . To assess the level of inactivation of the miR-17∼92 cluster, we isolated ECs from the lungs of 17∼92 fl/fl (WT) and Tie2-Cre;17∼92 fl/fl animals (17∼92 EC KO Tie2 ), cultured and processed for quantitative RT-PCR (qRT-PCR) of cluster components (Fig. S1 ). Both the primary (pri)-miR-17∼92 transcript and mature components of the cluster were reduced by >90% (Fig. S1 A and B) , whereas expression of the miR17∼92 paralog, pri-miR-106b∼25 cluster, and the EC-enriched miRNA, miR-126-3p, was not affected (Fig. S1 A and B, respectively) . The additional X-linked paralog cluster, pri-miR-106a-363, was not detectable in ECs. Similar findings were observed in primary ECs isolated from hearts of tamoxifen-inducible VE cadherin Cre mice (VE-Cad-Cre-ER T2 ;17∼92 fl/fl ), referred to as 17∼92 EC KO VE-Cad (Fig. S1C) . The loss of miR-17∼92 in ECs was not embryonic-lethal; however, EC-specific deletion did reduce the body weight of the mice using both Cre driver lines (Fig. S2) .
To examine the functional importance of the endogenous cluster in repressing gene expression, we measured mRNA levels of known, validated target genes in primary lung ECs isolated and cultured in the presence of serum and EC growth factors from WT and 17∼92 EC KO Tie2 mice. Validated genes were defined as genes with mRNA levels reduced by cluster mimic miRNAs, up-regulated by anti-miRs. and shown to be direct targets via 3′ UTR-luciferase constructs. The loss of miR-17∼92 in ECs increased the levels of some (Dkk3, KAT2b, BCL2L11, PKD2, SMAD4, and JAK1), but not all, "validated" targets ( Fig.  S1D) , implying that the cluster may exert cell specific repression of targets, or that the activation state of the cell is critical for miRNA regulation of its putative target genes.
Loss of miR-17∼92 Stimulates Arteriogenesis After Limb Ischemia.
The systemic administration of an antagomir designed to inhibit miR-92a improves perfusion and functional recovery in an HLI model by targeting the expression of multiple angiogenic proteins, including the integrin alpha-5 subunit (14) . Given that the miR-17∼92 cluster encodes for six mature miRNAs that are coordinately expressed and may act independently, cluster components likely regulate mRNA levels or translation that may modulate arteriogenesis. To examine a role for the endothelialderived cluster in HLI, we subjected aged (6 mo old) male mice to HLI and measured blood flow using a deep-penetrating laser Doppler probe as described previously (28) . EC-specific deletion of the miR-17∼92 cluster improved functional recovery from HLI (Fig. 1A) . We obtained similar results, albeit to a lesser extent, using the inducible VE-Cad Cre model and postnatal deletion (Fig. S3 ). This postnatal strategy typically results in reduced deletion efficiency.
Based on the rapid blood flow recovery in the EC-specific KO lines, we speculated that collateral formation via arteriogenesis may be augmented in mice lacking the 17∼92 cluster in ECs. We quantified the extent of arteriogenesis using 3D micro-computed tomography (micro-CT) imaging. Mice were perfused with vasodilators and contrast agents to assess arterial density, but not the density of capillaries or veins. Loss of the 17∼92 cluster in ECs revealed a robust increase in collateral vasculature density (<48 μm) in ischemic limbs compared with control mice ( Fig. 1 B and C). Interestingly, 30% of these mice had an alternative major collateral artery that was functional and perfused immediately on arteriectomy of the femoral artery (Fig. 1B , Far Right; arrow denotes unique vessel). This adaptive response was not observed in any of the control mice examined, or in any of the hundreds of mice that we have examined in the past, indicative of a 30% penetrant arteriogenic phenotype for the clusterdeficient mice.
To quantify baseline arteriogenesis in the absence of ischemia, we performed micro-CT imaging of the arterial vasculature of the contralateral, nonischemic limb. Surprisingly, mice lacking the cluster in ECs revealed an arterial phenotype with a significantly greater arteriole density in thigh vessels with a diameter of ≤72 μm (Fig. 1D ). This finding suggests that the EC miR-17∼92 cluster is important for the proper development of hindlimb arteries and collaterals.
To further elucidate the contribution of this cluster to arterial development independent of ischemia, we performed micro-CT imaging of the arterial vasculature in limbs and hearts of aged (6 mo old) WT and 17∼92 EC KO Tie2 mice. The arterial density of vessels with a diameter of ≤48 μm in the thigh ( Fig. 2A) and ≤16 μm in the heart (Fig. 2 B and C) was more abundant in 17∼92 EC KO Tie2 mice compared with littermate control mice. These data suggest that the 17∼92 cluster represses physiological processes that govern the extent of baseline and ischemic arteriogenesis in the heart and limbs.
Loss of miR-17∼92 in ECs Influences Functions in Vitro. We next analyzed several aspects of EC function-growth, adhesion, and cord formation-in ECs isolated from WT and 17∼92 EC KO Tie2 mice. ECs lacking the 17∼92 cluster grew more slowly, as measured by BrdU incorporation, consistent with the known function of the cluster in promoting cell growth via repression of E2F or PTEN (Fig. 3A) (2, 4, 9, (29) (30) (31) . ECs lacking the miR-17∼92 cluster demonstrated augmented adhesion to either gelatin or fibronectin, complementing data showing that overexpression of the cluster reduces adhesion (Fig. 3B ) (8) and that 17∼92 KO ECs exhibit enhanced cord formation both under basal conditions and when stimulated with bFGF ( Fig. 3C) (14, 16) . In addition, EC migration into wounded monolayers ( Fig. S4 A and B) and aortic sprouting (Fig. S4 C and D) are augmented in miR-17∼92 KO ECs and vessels, respectively. These data support the idea that the net effect of loss of the miR-17∼92 cluster in ECs reduces growth but promotes adhesion and sprouting.
WNT-Related Receptor FZD4 and LRP6 Are Targeted by the miR-17∼92
Cluster. The enhanced baseline and stimulated arteriogenesis in mice lacking the miR-17∼92 cluster in ECs is reminiscent of a recent report of reduced basal and ischemia-stimulated arterial density in mice lacking the WNT receptor FZD4 (25) . In addition, ECs derived from these FZD4 KO mice failed to form cords in vitro (21, 25) . Given the inverse correlations between the phenotypes that we observed and the vascular phenotypes in the FZD4 KO mice, we examined whether endothelial-derived miR-17∼92 can potentially regulate FZD4 and the signaling pathway downstream of its activation.
Based on in silico analysis, the WNT-related receptor FZD4 and it coreceptor LRP6 have putative target sites in the 3′ UTR for components of the cluster (Fig. S5) . Thus, we compared FZD4 and LRP6 mRNA levels in WT and 17∼92 KO ECs. qRT-PCR expression analysis showed significantly higher mRNA levels of both FZD4 and LRP6 in 17∼92 KO ECs compared with WT ECs (Fig. 4A) . In our experiments, antibodies for the detection of endogenous mouse FZD4 protein did not work in Western blot analyses using siRNA to FZD4 as a positive control for specificity; however, we did confirm the higher LRP6 protein levels in 17∼92 KO ECs (Fig. 4B) .
To determine whether individual components of the cluster can regulate FZD4 and LRP6 mRNA levels, we transfected 17∼92 KO ECs with an miR mimic (miR-17a, miR-18a, miR19a, or miR-92a). Expression of miR-17a, miR-19a, and miR-92a mimics resulted in robust down-regulation of FZD4 mRNA levels (Fig. 4C) , with miR-17a and miR-19a predicting complementary sites in the 3′ UTR of FZD4. LRP6 contains a putative target site in its 3′ UTR for miR-19a/b binding; however, overexpression of the individual mimics resulted in a consistent trend toward reduced levels of LRP6 mRNA by miR-18a, but not by miR-19a (Fig. 4C) . These results imply that several miRNAs encoded in the miR-17∼92 cluster can cotarget and repress WNT related receptors, either directly or indirectly, and thus have the potential to adjust the plasticity of the WNT signaling pathway in ECs.
We next tested whether miRNAs of this cluster directly target FZD4 and LRP6. To do so, we transfected HEK293T cells with the full-length 3′ UTR of FZD4 or LRP6 cloned into a bicistronic Renilla/firefly luciferase reporter vector and cotransfected with individual mimics or a negative control scramble mimic. miR-19a, but not the other miRNA mimics, reduced the levels of the FZD4 and LRP6 3′ UTR reporter, demonstrating that both of these receptors are targets of miR-19 (Fig. 4D) . Mutagenesis of the seed sequences of the predicted miR-19 binding sites restored luciferase expression, confirming the specificity of the interaction between miR-19 and the FZD4 and LRP6 3′ UTR (Fig. S5B) . Given that loss of the cluster increased LRP6 protein levels and that miR-19a reduced luciferase activity of the 3′ UTR construct in a sequence-specific manner but did not directly reduce LRP6 mRNA levels, it is likely that miR-19 regulates the translational efficiency of LRP6.
miR-17∼92 Antagonizes the WNT Signaling Cascade. To investigate the role of the miR-17∼92 cluster on the canonical WNT/ β-catenin pathway, we examined WNT3a signaling in WT and miR17∼92 KO ECs. WNT3a treatment increased β-catenin stabilization in cytosolic ( Fig. 4E) and nuclear (Fig. 4F) extracts from both EC groups; however, basal and WNT3a-stimulated accumulation of β-catenin was enhanced in the 17∼92 KO ECs. To examine the in vivo relevance of WNT activation in mice lacking the miR-17∼92 in ECs, we crossed BAT-gal reporter mice for WNT/β-catenin signaling (32) /BAT-gal), whereas control mice harboring the BAT-gal reporter and the floxed allele lacking Cre (WT/BAT-gal) did not demonstrate positive staining (Fig. 4G) . Finally, because miR-19a reduces the levels of both FZD4 and LRP6, we examined the effect of miR-19a on WNT/β-cateninmediated gene expression in ECs. Mouse lung ECs (MLECs) were transfected with either miR-19a mimic or scrambled mimic control. After 48 h, the cells were treated with WNT3a. Transfection with miR-19a cells resulted in reduced expression of several β-catenin-dependent genes in response to WNT3a treatment, including Axin2, Sox17, and Cyclin D1 (Fig. 4H) . In addition, because FZD4 is a component of both the canonical (β-catenin) and noncanonical (planar cell polarity) pathways, we examined FZD4 coupling to c-Jun NH2-terminal kinase (JNK). Treatment of ECs with anti-miR-19 enhanced WNT3a stimulation of p-JNK (Fig. S6) , implying that miR-19a can also negatively regulate planar cell polarity signaling. Collectively, these data show that the miR-17∼92 cluster, particularly miR-19a, negatively regulates WNT signaling and in turn regulates aspects of arterial development.
FZD4 Knockdown and miR-17∼92 Cluster Components Rescue Augmented
Cord Formation In Cluster-Deficient ECs, and Anti-miR-19 Improves HLI and Up-Regulates Tissue FZD4 and Lrp6. To examine the contribution of augmented WNT signaling to enhanced EC cord formation in miR-17∼92 KO ECs, we silenced FZD4 via siRNA. FZD4 knockdown reduced cord formation in miR-17∼92 KO ECs (Fig. 5A and Fig.  S7 ), as did treatment of miR-17∼92 KO ECs with the LRP6 inhibitor, dickkopf WNT signaling pathway inhibitor 1 (Dkk1; Fig.  S8 ), demonstrating that accelerated cord formation in cells lacking the cluster is dependent in part on an miR-17∼92-FZD4/Lrp6 axis. To investigate which cluster components, particularly miR-19a, play a role in EC morphogenesis, we conducted rescue experiments by transfecting 17∼92 KO ECs with cluster mimics. miR-17a, miR-18a, and miR-19a, but not miR-92a, mimics inhibited cord formation in 17∼92 KO cells (Fig. 5B) . This finding is consistent with previously published data using a spheroid-based assay in ECs, suggesting cellintrinsic antiangiogenic activity for components of the cluster in ECs (16) . The extent of cord formation with the individual miRNAs mimics slightly exceeded that of control WT cells, suggesting that it is the repressive effect of multiple miRNAs from the cluster that integrates the sum of the physiological outcomes.
Given that miR-19a was found to affect FZD4/LRP6 levels, reduce WNT/β-catenin-dependent gene expression, and rescue aberrant cord formation, we assessed the physiological role of miR-19a in vivo using an LNA-anti-miR approach. Initially, aged BAT-gal mice were subjected to HLI and treated with s.c. injections (3 d before and 2 d after surgery) of an LNA-anti-miR targeting miR19a/b (33), and β-gal expression was measured in tissue. As shown in Fig. 5C, anti-miR-19 /BAT animals. Adult mice were killed at 2 wk after tamoxifen induction of cluster deletion, and mesenteric arteries were triple-stained en face for β-gal (green) to detect β-catenin-induced expression, for PECAM (red) and DAPI. Double-staining for β-gal and PECAM was detected in the nuclei of 17∼92 KO animals; n = 3-4. (Scale bar: 25 μm.) (H) mRNA expression of WNT3a transcriptionally regulated genes as analyzed by qRT-PCR. ECs were transfected with scramble or mimic miR-19a (30 nM). At 48 h after transfection, cells were serum-starved for 3 h and then stimulated with control CM or WNT3a CM for 2-6 h. Data are presented as fold change compared with WT ECs, mean ± SEM. *P < 0.05. increased blood flow recovery compared with control anti-miRtreated mice (Fig. 5C ) in a manner comparable to that seen with anti-miR-92a (14) . Anti-miR-19 treatment reduced levels of miR-19a in both ischemic and nonischemic tissues (Fig. 5D ) and enhanced FZD4 and LRP6 mRNA levels in tissues compared with control treated mice (Fig. 5D) . Thus, suppression of miR19a/b activity regulates arteriogenesis and blood flow recovery, in part through enhanced FZD4 and LRP6 levels.
Discussion
Here we have demonstrated a critical role for the endothelialderived miR-17∼92 cluster in shaping physiological and ischemia triggered arteriogenesis. The enhanced arterial density in limbs and hearts of mice lacking the cluster points to a developmental role of these miRNAs, as well as an adaptive role in promoting arteriogenesis and function postischemia. Individual cluster components positively or negatively regulate EC functions in vitro, and, remarkably, ECs lacking the cluster spontaneously form cords in a manner rescued by miR-17a, -18a, and -19a or by knockdown of the WNT receptor FZD4. miR-19a negatively regulates FZD4 and its coreceptor LRP6, and β-catenin-dependent gene expression and antagonism of miR-19a/b in aged mice improves blood flow recovery after ischemia and reduces repression of these targets. Collectively, these findings provide novel insights into miRNA regulation of arterialization and highlight the importance of vascular WNT signaling in maintaining arterial blood flow (25) .
A key finding of this study is that EC-specific deletion of miR-17∼92 resulted in increased arterial vasculature density in ischemic limbs and consequently improved blood flow recovery compared with control mice. The increased arterial density detected by unbiased 3D micro-CT was threefold in the upper limbs of WT mice and fivefold in miR-17∼92 KO mice. The increased arterial density and improved ischemic recovery in miR-17∼92 KO mice (using two different CRE lines expressed in ECs as well as in a subset of hematopoietic cells), along with the improved blood flow in LNA-miR19-treated aged mice, complement previously reported data showing that antagonism of miR-92a results in enhanced blood flow recovery and blood vessel growth (14) . Thus, at least two components of the cluster have evolved to regulate the robustness of arteriogenesis. This occurs despite the fact that miR-19a/b and miR-92a target different spectra of genes and processes, not sharing seed sequence similarity, and exert different actions on transcript levels that overall complement one another functionally. For example, miR-19, but not miR-92a, drives inhibition of cord formation in primary EC cultures, whereas miR-92a regulates integrin alpha-5 expression levels and adhesion (14) . Using both in vitro and in vivo analysis, we identified FZD4 and LRP6 as novel targets of miR-19a/b. Both targets were up-regulated in 17∼92 KO ECs compared with control ECs, and both were demonstrated to be targeted by miR-19 using luciferase assays.
Multiple growth-signaling systems are responsible for the growth, maintenance, development, and pathological states of arteriogenesis. These include VEGF, Notch, FGF, angiopoietins, and ephrin ligands that activate canonical signaling pathways leading to an integrated physiological response. Emerging evidence also implicates the WNT/β-catenin pathway in angiogenesis and arteriogenesis. In endothelium, β-catenin-dependent gene expression is essential for balancing Notch-induced vessel stability via Dll4 (20) or, alternatively, via Nrarp (a Notch-regulated gene), which differentially modulates Notch and WNT signaling activity to balance tip and stalk cell proliferation during network formation (20, 34) . Of clinical relevance, components of this pathway, FZD4 and LRP5/6, have been associated with inherited vascular diseases, Norrie disease, and familial exudative viteoretinopathy, which manifests in most cases with blindness at birth, persistence of fetal vasculature, and progressive hearing loss (21, 23) . Further insights into the contribution of FZD4 and its coreceptor have come from analysis of conditional EC deletion of FZD4 or global FZD4 KO mouse models. Global FZD4 KO mice display a striking reduction in small arterial networks in such tissues as the heart and kidney and impaired blood flow recovery after limb ischemia (25) , implying that WNT signaling via FZD4 is critical for arteriogenesis. EC deletion of FZD4 causes hypovascularization in different beds, associated with reduced Sox17 expression (21, 25) . These results are opposite of what we observed in EC-specific miR-17∼92-deficient mice and LNA-miR-19-treated mice. In vitro studies have demonstrated the reduced ability of FZD4 KO ECs to form cord-like structures in a Matrigel assay (21, 25) . Again, this is in contrast to ECs isolated from miR-17∼92-deficient mice , in which spontaneous cords were formed in a FZD4-dependent manner. Thus, miR-19a/b can repress FZD4/ LRP6 signaling and β-catenin/TCF/LEF-dependent gene expression, illustrating the important role of miRNAs in fine-tuning gene expression in the pathways necessary for arteriogenesis.
Based on our results, we propose that miR17∼92 functions as a negative regulator of the WNT/β-catenin pathway. Our working model is that stimuli such as VEGF (3) or fluid shear stress (13) can induce miR-17∼92 cluster expression (4). miR-19 or other components of the cluster, such as miR-18, can repress β-catenin expression (35) or FZD4/LRP6 to attenuate the magnitude or duration of activation of this pathway. Thus, the cluster may provide a feedback mechanism to buffer excessive/leaky β-catenin-dependent transcription. Such feedback loops might be especially relevant and critical to adaptive physiological responses such as arteriogenesis, where the regulation and maintenance of vascular structure and function is critical for blood flow to dependent tissues. Indeed, LNA-miR-19 up-regulation of FZD4/LRP6 levels concomitant with improved ischemic recovery in aged mice supports the dynamic and targetable nature of this response, providing an opportunity to stimulate arteriogenesis.
Materials and Methods
Mice and Crossings. All animal studies were approved by the Institutional Animal Care and Use Committee of Yale University. Details of genotypes are provided in SI Materials and Methods.
HLI Model and Micro-CT Imaging. We used 6-mo-old male mice for all experiments, because they have less capacity to completely recover post-HLI. HLI was performed as described previously (28) . Total RNA from the semimembranosus and gastrocnemius muscles was isolated using the miRNeasy Mini Kit (Qiagen). A total of 800 ng of RNA was used for cDNA synthesis.
For LNA-miR-19 injection, 6-mo-old male mice (C57Bl6) were injected s.c. with 12.5 mg/kg of LNA-modified anti-miR (miRagen Therapeutics) designed to complement both miR-19a and miR-19b or a universal control. The mice were injected on 3 consecutive days and then subjected to HLI, followed by a weekly maintenance injection throughout the duration of the experiment. The antimiR-19 belongs to a class of oligonucleotides with a classic LNA-containing oligonucleotide pharmacokinetic profile (36, 37) . In brief, plasma concentrations of these anti-miRs typically achieve peak levels between 30 min and 1 h after s.c. administration. Plasma clearance is biphasic, with a short initial distribution phase followed by a longer elimination phase. Oligonucleotide accumulation is greatest in the kidney and liver, with significant accumulation also observed in spleen, bone marrow, and distal skin (away from the injection site). Terminal elimination half-life ranges from roughly 3 to 6 wk.
MLEC Isolation, Cell Culture, and Functional Assays. Isolation, culture, and functional assays are described in SI Materials and Methods.
Gene Expression Analysis and qRT-PCR. The analyses are described in SI Materials and Methods.
Immunofluorescence and Immunohistochemistry. For BAT-gal en face staining of mouse tissue, mesenteric arteries and skeletal muscle were collected from adult mice. Samples were fixed in 4% PFA for 15 min at room temperature and blocked in TNB-T buffer (0.1 M Tris pH 7.4, 150 mM NaCl, 0.2% Triton, 0.5% PerkinElmer blocking reagent) overnight at 4°C. Samples were stained with BAT-gal antibody (Immunology Consultants Laboratory; RGAL-45A-Z) and PECAM-1 (Millipore; 1398-Z) for 48 h at 4°C, washed with PBS, and incubated with fluorescent-conjugated secondary antibodies for 2 h at room temperature. Then the samples were washed with PBS, stained with DAPI, fixed with 4% PFA for an additional 10 min, and mounted.
Statistical Analysis. Statistical analyses were performed using GraphPad Prism 5 software. Significance was tested using the two-tailed unpaired Student t test or two-way ANOVA with Bonferroni correction for multiple comparisons when appropriate. Genome array datasets were analyzed using the paired Student t test. A P value < 0.05 was considered statistically significant. All values are expressed as mean ± SEM.
